hicken embryo fibroblasts (CEFs) localize ␤ -actin mRNA to their lamellae, a process important for the maintenance of cell polarity and motility. The localization of ␤ -actin mRNA requires a cis localization element (zipcode) and involves zipcode binding protein 1 (ZBP1), a protein that specifically binds to the zipcode. Both localize to the lamellipodia of polarized CEFs. ZBP1 and its homologues contain two NH 2 -terminal RNA recognition motifs (RRMs) and four COOH-terminal hnRNP K homology (KH) domains. By using ZBP1 truncations fused to GFP in conjunction with in situ hybridization analysis, we have determined that KH domains three and four were responsible C for granule formation and cytoskeletal association. When the NH 2 terminus was deleted, granules formed by the KH domains alone did not accumulate at the leading edge, suggesting a role for the NH 2 terminus in targeting transport granules to their destination. RNA binding studies were used to show that the third and fourth KH domains, not the RRM domains, bind the zipcode of ␤ -actin mRNA. Overexpression of the four KH domains or certain subsets of these domains delocalized ␤ -actin mRNA in CEFs and inhibited fibroblast motility, demonstrating the importance of ZBP1 function in both ␤ -actin mRNA localization and cell motility.
Introduction
One mechanism used by polarized cells to establish and maintain their asymmetry is localization of transcripts to specific subcellular locations (for review see Kloc et al., 2002) . The phenomenon of RNA localization has been observed in oocytes and developing embryos of Drosophila and Xenopus (Bashirullah et al., 1998; King et al., 1999; Mowry and Cote, 1999; Lasko, 2000) in yeast (Long et al., 1997) and in somatic cells such as fibroblasts and neurons (Lawrence and Singer, 1986; Steward, 1997) . ␤ -Actin mRNA is localized at the leading lamellae of chicken embryo fibroblasts (CEFs) (Lawrence and Singer, 1986) and at the growth cone of developing neurons (Bassell et al., 1998) . The localization of ␤ -actin mRNA is dependent on the zipcode, a 54 nt cis-acting element located in the 3 Ј UTR of the mRNA (Kislauskis et al., 1993) . Treatment with antisense oligonucleotides to this element delocalizes the mRNA and results in impaired cell polarity and motility Shestakova et al., 1999) . The trans-acting factor, zipcode binding protein 1 (ZBP1),* was affinity purified with the zipcode of ␤ -actin mRNA and subsequently cloned . ZBP1 is a predominantly cytoplasmic protein that binds directly to the zipcode of ␤ -actin mRNA and colocalizes with the mRNA to the leading lamellae of CEFs Oleynikov and Singer, 2003) and to the neuronal growth cone (Zhang et al., 2001a) . In neurons, neurotrophin-stimulated increases in ␤ -actin mRNA levels and growth cone formation depend on the formation of a complex involving both ␤ -actin mRNA and ZBP1 (Zhang et al., 1999a (Zhang et al., , 2001a .
After the identification of ZBP1, additional homologues were identified in a wide range of organisms including Xenopus , Drosophila , human, and mouse (Mueller-Pillasch et al., 1997; Deshler et al., 1998; Doyle et al., 1998; Havin et al., 1998; Nielsen et al., 1999 Nielsen et al., , 2000 Zhang et al., 1999b) . ZBP1 family members are expressed in germ line cells of Drosophila and Xenopus and in embryonic fibroblasts and neurons. ZBP1-like proteins contain two RNA recognition motifs (RRMs) at the NH 2 -terminal part of the protein and four COOH-terminal hnRNP K homology (KH) domains at the COOH-terminal end. ZBP1 family members are implicated in numerous aspects of RNA regulation: stability (Leeds et al., 1997) , translation (Nielsen et al., 1999) , and localization (Deshler et al., 1997 (Deshler et al., , 1998 Ross et al., 1997; Havin et al., 1998) . In addition, they are overexpressed in several types of cancer (Mueller-Pillasch et al., 1997; Zhang et al., 1999b Zhang et al., , 2001b . However, their role as trans-acting factors in RNA localization has not been well established.
ZBP1 appears in large cytoplasmic granules that are codistributed with ␤ -actin mRNA granules in the cytoplasm of CEFs. Granule formation is typical of localized mRNAs. Messenger RNA-containing granules (mRNP) are thought to contain components necessary for transport, localization, and translation of specific mRNAs (Barbarese et al., 1995) . We propose that in CEFs granule formation depends on interactions of ZBP1 with the ␤ -actin mRNA zipcode and that localization is dependent on mRNP formation. In addition, ␤ -actin mRNA localization in fibroblasts is important for the maintenance of cell polarity and motility Shestakova et al., 2001) . Based on this, we reasoned that ZBP1 interactions with ␤ -actin mRNA might also be influencing CEF motility.
Here we present an extensive functional characterization of ZBP1. We have used scanning deletion mutagenesis of ZBP1 to identify functionally important regions. Specifically, we used these constructs to determine polypeptide chain segments responsible for granule formation, granule localization, cytoskeleton association, and RNA binding. We show that the two COOH-terminal KH domains of ZBP1 are sufficient for zipcode binding, granule formation, and cytoskeletal retention on microfilaments; functions that ultimately lead to the localization of the RNA. The NH 2 terminus of the protein is necessary for localization of ZBP1-containing granules. We also demonstrate a physiological consequence of impairing ZBP1 function by showing that either overexpression of ZBP1 or a ␤ -actin mRNA-delocalizing truncation of ZBP1 decreases cell motility.
Results

ZBP1 forms granules that are enriched at the periphery of CEFs
The subcellular distribution of ZBP1 was analyzed in CEFs using rabbit antiserum prepared against recombinant fulllength ZBP1. In CEFs, endogenous ZBP1 localizes in granular structures that are enriched within lamellipodia, the perinucleus, and the retracting tail (Fig. 1 A) . The lamellar distribution of ZBP1 mimics that of ␤ -actin mRNA (Fig. 1, A-C) .
The localization pattern of GFP-ZBP1 was compared with endogenous ZBP1 in CEFs after transfection with GFP-ZBP1. In CEFs, overexpressed GFP-ZBP1 formed Figure 1 . Distribution of ␤-actin mRNA and ZBP1 in CEFs. ZBP1 localizes in granular structures (arrow) that, along with ␤-actin mRNA, are enriched in cell lamellae. Immunofluorescence of ZBP1 (A) and in situ hybridization of ␤-actin mRNA (B) in serum-stimulated CEFs. (C) Overlap of A and C. CEFs were transiently transfected with GFP-tagged ZBP1 (D) and subsequently hybridized with ␤-actin mRNA fluorescent oligonucleotide (E). GFP-ZBP1 forms granules that are enriched at the cell periphery. Partial masking of granules is occurring due to high signal intensities. The enlargements (3ϫ) (E-G) of indicated region in D (arrows) demonstrate a spatial overlap (G) of ␤-actin probe (E) and GFP-ZBP1 (F) within the cell protrusion. Bars, 10 m.
large cytoplasmic granules (Fig. 1 D) similar to those formed by endogenous ZBP1 (Fig. 1 A) . Granules were enriched at cell protrusions, the perinuclear region, and the retracting tail of the cells. Like endogenous ZBP1, GFP-ZBP1 granules were resistant to cytoplasmic extraction with Triton X-100, indicating that they maintained stable interactions with the cytoskeleton (Fig. 2 F Ј ) .
Codistribution of GFP-ZBP1 with ␤ -actin mRNA-containing granules within cell protrusions was observed by in situ hybridization (Fig. 1, E-G) . Accumulation of overexpressed GFP-ZBP1 caused partial masking of granular structures. We do not expect to find a total colocalization of ␤ -actin mRNA with GFP-ZBP1 for several reasons. First, there must be some competition between exogenous GFP-ZBP1 and endogenous ZBP1 for ␤ -actin mRNA. Second, it has not been demonstrated that ␤ -actin mRNA is the only cargo of ZBP1. Finally, at some point ZBP1 must dissociate from the RNA after transport to the periphery.
The KH region of ZBP1 mediates granule formation
We expressed several fragments of ZBP1 fused to GFP in CEFs to define which regions of the protein mediate granule formation, cytoskeletal interaction, and granule localization. Only constructs containing the two COOH-terminal KH domains formed granules and interacted with the cytoskeleton ( Fig. 3 and Fig. 2 , F-K and F Ј -K Ј ). Removal of the RRM domains did not affect either granule formation or cytoskeleton association (Fig. 2 , F Ј -K Ј ) in this assay; expression of the four KH domains (189-576) resulted in characteristic ZBP1 granule formation. This activity did not require all four of the KH domains, since a construct containing only the third and fourth KH domains (317-576) formed granules. However, granules formed by constructs lacking the RRM domains distribute evenly throughout the cytoplasm. Specifically, truncated ZBP1 ( ⌬ ZBP1; 74-576) retained the characteristic distribution of ZBP1-containing granules. A construct only 10 amino acids shorter, ⌬ ZBP1 (84-576), formed granules that did not accumulate at the cell periphery.
Expression of most COOH-terminal deletions, with the exception of ⌬ ZBP1 (1-556), resulted in a loss of granule formation. These constructs yield a diffuse cytoplasmic appearance (Fig. 2, A-E). Only two stained the nucleus, ⌬ ZBP1 (1-179) and ⌬ ZBP1 (Fig. 2, A and E) . However, these were small fragments of Ͻ 50 kD and their nuclear presence might be due to passive diffusion through nuclear pores. Except for ⌬ ZBP1 (1-556), all COOH-terminal deletions were extracted upon treatment with Triton X-100 ( Fig. 3 and Fig. 2 L) .
Removal of the last 54 amino acids of the protein, which disrupts the fourth KH domain, resulted in a loss of granule formation and cytoskeletal retention (Fig. 3) . Any construct Figure 2 . Cytoplasmic granule formation and cytoskeletal anchoring is mediated by KH3-KH4 of ZBP1. ZBP1 fragments fused to GFP were transiently transfected into CEFs. Localization of GFPtagged proteins was analyzed before (A-J) and after (F'-J') extraction with Triton X-100. (A-E) Note that all protein fragments lacking the two COOH-terminal KH domains (KH3 and KH4) in their entirety were evenly distributed throughout the cytoplasm (A, 1-179; B, 1-289; C, 1-397; D, 195-522; E, 195-403) and no granular structures were observed. All of these fusion proteins were extracted from the cytoplasm by treatment with Triton X-100 before fixation (L). (F-K) CEFs transiently transfected with: F, 1-576; G, 1-556; H, 74-576; I, 84-576; J, 189-576; and K, 317-576 . The NH 2 -terminal truncated fragments formed large granules that were resistant to detergent extraction. The left column (F-J) shows nonextracted fixed cells. Cells in the right column (F'-J') have been Triton extracted. Note that granules formed by constructs in G (1-556) and H (74-576) are enriched in the lamellae, whereas granules formed by the remaining constructs, I (84-576), J (189-576), and K (317-576), were evenly distributed in the cytoplasm. (L) To demonstrate the loss of COOH-terminal truncated GFP fusion proteins by extraction, the loss of GFP signal was visualized after the introduction of Triton X-100 (t 0 ). The COOH-terminal truncated fragment (1-397) was initially diffusely distributed in the cytoplasm. lacking these 54 amino acids, including the construct ⌬ ZBP1 , appeared diffuse in the cytoplasm. Interestingly, removal of the last 20 amino acids, downstream of the fourth KH domain, did not affect granule formation by the protein and did not affect the localization of the granules in CEFs.
ZBP1 associates with the actin cytoskeleton via KH domains
Cytoskeleton disruption experiments revealed that the cytoskeletal association of ZBP1 was primarily mediated through the actin cytoskeleton. We observed a dramatic loss of ZBP1-containing granules in Triton X-100-extracted cells after treatment with cytochalasin D (Fig. 4, A-C) . However, treatment with colchicine resulted in little difference in appearance. In some cases, after microtubule disruption there seemed to be a loss of granules from the perinuclear region of the cytoplasm, whereas granules at the periphery were retained. In contrast, in cells treated with cytochalasin D there were residual granules surrounding the nucleus. Granules could sometimes be detected along microtubule tracks extending out toward the periphery of the cell; ⌬ GFP-KH1-KH4 (189-576) gave results similar to fulllength ZBP1 (Fig. 4, D-F) . It remained sensitive to cytochalasin D treatment, indicating that microfilament association is mainly mediated by the COOH-terminal KH domains.
KH domains of ZBP1 specifically bind the zipcode of ␤ -actin mRNA We examined the ability of various constructs to directly bind the zipcode using both electrophoretic mobility shift assays ( In colchicine-treated cells, the microtubule system was significantly diminished; however, both GFP-tagged proteins were still associated with granular structures and retained their typical localization compared with untreated cells. In contrast, treatment with cytochalasin D destroyed the microfilament system and caused a significant loss of protein after extraction. Residual granular staining was only observed in the perinuclear region, indicating that granule formation and specific subcellular distribution mediated by the KH domains is mainly based on the actin cytoskeleton.
We determined that the region containing the two COOHterminal KH domains of ZBP1, not the RRM domains, binds the ␤ -actin mRNA zipcode. Recombinant full-length ZBP1 and fragments comprising KH1-KH4 ( ⌬ ZBP1 ) or KH3-KH4 ( ⌬ ZBP1 ) specifically bind the zipcode, whereas fragments comprising only the RRM domains ( ⌬ ZBP1 ) or the first and second KH domains ( ⌬ ZBP1 ) remained inactive (Fig. 5 , A, C, and D). Binding by the KH domains showed the same resistance to RNase T1 digestion as full-length ZBP1 (unpublished data). ZBP1 interactions with the zipcode are stable in the presence of excess nonspecific competitor mRNA and in the presence of a mutated zipcode sequence (Fig. 5 , A-C). However, excess zipcode mRNA is capable of competing for the labeled zipcode mRNA in the mobility shift assay (Fig. 5 B) .
Full-length ZBP1 binds the zipcode with a K d in the nM range (1-10 nM; Fig , , . Recombinant proteins at various concentrations were incubated with 32 P-labeled zipcode RNA. Bound probe was detected by Cerenkov counting after binding of the protein-RNA complex to the filter and intensive washing. All fragments containing at least KH domain 3 and 4 bound the zipcode with a K d in the nM range. (D) To determine the relative affinities of GST-ZBP1 fragments for full-length ␤ -actin, mRNA binding was analyzed in GST pull-down assays. The fraction of bound 32 P-labeled human ␤ -actin RNA retained on equal amounts of immobilized GST-ZBP1 proteins were normalized to binding of full-length ZBP1 and plotted according to the fragments used. All proteins containing at least KH3 and 4 bound the full-length mRNA at apparently equal affinity. (E) Human ␤ -actin mRNA coimmunoprecipitates specifically with Flag-tagged ZBP1. RT-PCR amplification of vinculin or ␤ -actin mRNA extracted from supernatant of nontransfected cells ( ϩ ) or pellets of FLAG-ZBP1 (Z), FLAG-raver1 (R), or mock ( Ϫ )-transfected cells after immunoprecipitation with anti-Flag (M2). Human ␤ -actin mRNA was specifically enriched in FLAG-ZBP1 pellets, whereas no enrichment of vinculin mRNA was detected. Precipitation of the FLAG-tagged raver1 (left, bottom) or ZBP1 (right, bottom) was verified by Western blotting of pellet fractions using anti-Flag (M2) antibody. (Lane 1) Total cell extract; (lane 2) supernatant after immunoprecipitation; (lane 3) pelleted fraction.
Characterization of ZBP1 interactions with full-length human ␤-actin mRNA was performed with GST pull-down assays (Fig. 5 D) . Relative binding affinities of the domains were normalized to that of the full-length protein. bound full-length human ␤-actin mRNA with approximately the same relative affinity as full-length ZBP1 or the fragment comprising all four KH domains. No significant binding was observed for KH1-2, the RRM domains, or GST. These observations recapitulated the results obtained for ZBP1 binding to the zipcode.
Binding of ZBP1 to ␤-actin mRNA in vivo was demonstrated by copurifying endogenous ␤-actin mRNA with epitope-tagged ZBP1 from human 293 cell extracts (Fig. 5 E, top) . As expected from the in vitro analysis, Flag-tagged chicken ZBP1 specifically binds ␤-actin mRNA in vivo, whereas no binding was observed for vinculin mRNA. Another RNA binding protein, raver1 (Huttelmaier et al., 2001) , remained inactive, and no ␤-actin mRNA was copurified in cells transfected with empty plasmid. ZBP1 and raver1 are present in similar amounts in 293 cell extracts as shown in Fig. 5 
E (bottom).
SELEX analysis confirms the zipcode as RNA target of the KH3-KH4 domains
We used RNA selection amplification (SELEX) (Ellington and Szostak, 1990; Tuerk and Gold, 1990) to determine the sequence specificity of the ZBP1 zipcode RNA binding region. For this experiment, we used the deletion construct ⌬ZBP1 (404-576) in eight rounds of selection amplification. This construct comprises the third and fourth KH domains and the remaining COOH-terminal amino acids of the protein. We chose this construct because it suffices for high affinity zipcode binding in filter binding assays. After eight rounds of selection, the resultant RNA pool was cloned and sequenced. 71% percent of the clones (12 out of 17) could be organized into a strong consensus group (Fig. 6 A) . These clones contained the 11-mer 5Ј-AAG-CACCCGTT-3Ј or some close variant of this sequence. In addition to the clones that are included in Fig. 6 A, four clones harbored the sequence 5Ј-CCGCACG-3Ј (unpublished data). One clone was quite random and harbored no enrichments. The zipcode of ␤-actin mRNA, a putative stem-loop, contains repeats of an almost identical element in its predicted loop region, (5Ј-ACACCC-3Ј) 2 (Kislauskis et al., 1993; Ross et al., 1997) . Thus, the ZBP1 KH3-KH4 domains appear to exhibit a preference for the sequence 5Ј-RCACCC-3Ј (R denotes pyrimidine) both in selected ligands and in a physiological ligand. To compare the relative affinities of the ACACCC repeats of the zipcode versus the SELEX consensus sequence for ZBP1, competition experiments were performed with 20-mer oligoribonucleotides containing portions of the zipcode or the SELEX consensus sequence (Fig. 6 B, S1 ). The SELEX consensus was equally as efficient at competing for binding with ZBP1 as were the zipcode sequences containing ACACCC (Fig. 6 B) .
Overexpression of RNA binding domains of ZBP1 results in delocalization of ␤-actin mRNA
We hypothesized that ZBP1 contains both RNA binding regions and "localizing" regions that support interactions responsible for bringing the RNA and the protein to their ultimate destination. If true, overexpression of the RNA binding region alone should diminish ␤-actin localization to the lamellae. To investigate this possibility, we transfected CEFs with GFP-fused deletion constructs and examined the percentage of transfected cells in which ␤-actin mRNA was localized to the leading lamellae. Transfection of GFP-ZBP1 led to an ‫-02ف‬fold increase in cellular ZBP1 as measured by mean fluorescent intensity differences between transfected and nontransfected cells immunostained for ZBP1 (unpublished data).
␤-Actin mRNA was localized in 40-50% of nontransfected cells and cells transfected with GFP alone (unpublished data). Overexpression of GFP-ZBP1 had no effect on ␤-actin localization (Fig. 7) . Three of the overexpressed constructs decreased ␤-actin localization by ‫:%05ف‬ ⌬ZBP1 (1-289), ⌬ZBP1 (189-576), and ⌬ZBP1 (317-576) (Fig.  7) . ⌬ZBP1 (1-289) contains the two RRM domains and the first KH domain. The other two constructs, ⌬ZBP1 (189-576) and ⌬ZBP1 (317-576), contain all four KH domains and the two COOH-terminal KH domains, respectively. There was no obvious difference in the delocalization phenotype elicited by each of the dominant-negative constructs (1-289, 189-576, and 317-576) . Each caused ␤-actin mRNA granules to appear evenly distributed throughout the cytoplasm. Overexpression of the remaining constructs had no effect on ␤-actin localization in CEFs.
Overexpression of ZBP1 KH domains that delocalize ␤-actin mRNA also inhibit chick embryo fibroblast motility ␤-Actin mRNA localization at the leading edge is required for maintenance of cell polarity and directed cell motion . Delocalization of ␤-actin mRNA by antisense oligonucleotides resulted in delocalized actin nucleation sites and decreased persistence of cell movement (Shestakova et al., 2001) . Based on ZBP1's role in ␤-actin mRNA localization and its presence at the leading edge of CEFs, we predicted that it might also influence cell motility. We tested this possibility directly by transiently overexpressing CEFs with either full-length ZBP1 or ␤-actin mRNA delocalizing . Movement of the GFP-positive transfected cells was captured by time-lapse videomicroscopy, according to the method of Shestakova et al. (2001) . Motility parameters examined include: total path length, net path length, average speed, directionality, persistence, and protrusion velocity (average instantaneous velocity). Of these, total path length, speed, and protrusion velocity were significantly decreased in cells overexpressing the GFP fusions of ZBP1 or ⌬ZBP1 (189-576) compared with cells expressing GFP alone or nontransfected cells (Table I ).
Discussion
In this study, we have characterized structural and functional features of the ␤-actin mRNA binding protein ZBP1. These data present the first direct evidence for a role of ZBP1 in the localization of ␤-actin mRNA and consequently in directed fibroblast motility. They begin to elucidate a sequence of events involved in ␤-actin mRNA localization: (1) ZBP1 binds to the zipcode of ␤-actin mRNA via its COOH-terminal KH domains, (2) auxiliary factors (e.g., hnRNPs, motors, translational factors) assemble to form a fully functional transport complex (locasome), (3) the locasome associates with the cytoskeleton, (4) the locasome is transported by motors on the cytoskeleton, (5) the locasome anchors at the cell periphery, and (6) the mRNA is translated.
In vitro binding analyses identify the two most COOHterminal KH domains (KH3-KH4) to be necessary and sufficient for binding the zipcode and the full-length ␤-actin mRNA. Other RNA binding modules identified within ZBP1 may contribute to protein-RNA complex formation, since slightly lower K d values were obtained for full-length ZBP1 compared with the KH domains alone. The affinities e Protrusion velocity, average instantaneous velocity; the average protrusion movement over each 1-min interval. GFP (n ϭ 35), GFP-ZBP1 (n ϭ 42), ZBP1 (KH1-4) (n ϭ 59), MOCK (n ϭ 88). SEM, standard error of the mean.
observed for either the RRM domains or the first and second KH domains were significantly lower, suggesting that these domains may contribute to nonspecific mRNA interactions or may bind other specific mRNA sequences. The latter possibility could explain why human ZBP1 (IMP-1) and mouse ZBP1 (CRD-BP) have distinct RNA sequence specificities from chicken ZBP1 (Doyle et al., 1998; Nielsen et al., 1999) . The RNA-binding specificity of KH3-4 is demonstrated by the two ACACCC repeats in the zipcode that are absolutely required for proper localization of the mRNA and for binding to ZBP1 (Kislauskis et al., 1993; Ross et al., 1997) . The selection of an RCACCC consensus element by the KH3-KH4 domains in the SELEX experiment strongly agrees with this data. Secondary structure predictions of the zipcode suggest that it forms a stem-loop with (ACACCC) 2 in the loop . These findings indicate that, at least in the context of ZBP1 and the zipcode, the ACACCC region is an important RNA element for binding by KH domains. Such a phenomenon has been reported previously in the case of the KH domain-containing protein Nova, whose third KH domain was shown by biochemical and x-ray crystallographic studies to bind primarily to a UCAY tetranucleotide element in the loop region of a stem-loop RNA target identified by SELEX Lewis et al., 2000) . Our results do not rule out the possibility that there are additional RNA sequences, either within the zipcode itself or within the full-length ␤-actin mRNA, that are involved in the interaction between ZBP1 and ␤-actin mRNA.
Full-length ZBP1 and all fragments that contained intact KH3-4 domains were capable of forming granules that were resistant to detergent extraction before fixation, suggesting a direct or indirect link to the cytoskeleton. Based on the mRNA binding properties of ZBP1, these findings strongly suggest that ZBP1 bound to a specific mRNA target assembles into mRNP complexes that associate with the cytoskeleton. This was confirmed by the fact that all COOH-terminal deletion fragments, in which KH3 and KH4 were either completely or partially deleted, showed a diffuse distribution and were extractable with nonionic detergent. Further analysis demonstrated the importance of the structural integrity of the last KH domain. ⌬ZBP1(1-522), which contains a partially truncated KH4 domain, showed a diffuse distribution, whereas ⌬ZBP1(1-556) in which the KH4 remained intact formed detergent resistant granules. Together these findings demonstrate that the last two KH domains are sufficient for binding the ␤-actin mRNA and for assembly into mRNPs that associate with the cytoskeleton. Recently, it has been shown that the third and fourth KH domains of the Xenopus homologue of ZBP1, Vg1RBP, mediate self association (Git and Standart, 2002) . ZBP1 has also been shown to oligomerize via its KH domains (unpublished data), and this property may be a factor in our observations.
Cytoskeleton disruption experiments showed that in primary fibroblasts ZBP1 granules associate mainly with the actin cytoskeleton. Furthermore, the KH domains of ZBP1 were sufficient to maintain this interaction. These findings are consistent with previous observations that ␤-actin mRNA localization in fibroblasts is a predominantly actinbased process (Sundell and Singer, 1991; Kislauskis et al., 1993) . Although there have been other observations of actin-based RNA localization (Hill and Gunning, 1993; Broadus and Doe, 1997; Long et al., 2000) , the majority of localized RNAs described to date are transported via the microtubule cytoskeleton (Elisha et al., 1995; Carson et al., 1997; Bassell et al., 1998; Havin et al., 1998; Wilkie and Davis, 2001 ). Long distance transport of ␤-actin mRNA, such as that in neurons, seems to be more dependent on microtubules (Zhang et al., 2001a) , whereas short distance transport and anchoring is believed to rely on microfilaments. Since both systems use ZBP1, it may be a universal linker to either myosin or microtubule-based motors.
Although the motor proteins involved in ZBP1 granule transport remain to be identified, the data presented provide insight as to the mechanism by which ZBP1 connects to the transport machinery. Efficient ZBP1 granule localization to the cell periphery depends on the NH 2 -terminal part of ZBP1 containing the RRM domains. Granules formed by most constructs lacking the NH 2 terminus were evenly distributed throughout the cytoplasm. We suggest that nonlocalized ZBP1 granules represent localization "incompetent" granules. Presumably, the ZBP1 constructs present in these granules are capable of interacting with the RNA but lack key components necessary for distributing the locasome to the cell periphery. Mislocalization of these granules may be due to defects in targeting, transport, or peripheral anchoring. Similar observations were made for the COOH-terminal KH domains of the human ortholog of ZBP1, IMP1, which formed "immobile aggregates" in NIH-3T3 cells (Nielsen et al., 2002) . Similarly, overexpression of the RNA binding domain of Staufen (Stau-RBD) alone resulted in inefficient dendritic localization of Stau-RBD granules (Tang et al., 2001) . Together these findings point to a common mechanism where the protein-RNA complex provides a scaffold for mRNP transport. A finer analysis of the NH 2 terminus of ZBP1 indicated that 10 amino acids that lie between the two RRM domains (⌬ZBP1 versus ⌬ZBP1 [84-576]) enable ZBP1 granule localization. Whether this 10 amino acid region contributes to the overall stability of a critical secondary structure or whether a specific element in that sequence is responsible for granule localization remains to be determined.
ZBP1 and its homologues associate with a variety of localized transcripts (Deshler et al., 1997; Mueller-Pillasch et al., 1997; Ross et al., 1997; Doyle et al., 1998; Havin et al., 1998; Nielsen et al., 1999; Zhang et al., 1999a Zhang et al., , 2001a . However, conclusive evidence indicating that RNA regulation is a direct result of the function of ZBP1 and its family members is not well documented. A recent publication provides evidence of the role of Vg1RBP in the localization of Vg1 mRNA (Kwon et al., 2002) . However, experimental limitations have made it difficult to prove that the function of these RNA binding proteins is actually required for RNA localization to occur. The data presented here demonstrates that overexpression of the zipcode binding region of ZBP1 (KH1-KH4) and (KH3-KH4) significantly delocalizes ␤-actin mRNA. Based on the high affinity binding of the KH domains to ␤-actin mRNA, these overexpressed deletion fragments likely suppress mRNA localization by competing with the endogenous ZBP1 for ␤-actin. Since the COOH-termi-nal fragments do not localize, mRNA is sequestered within localization "incompetent" granules.
Interestingly, one NH 2 -terminal fragment, ⌬ZBP1 (1-289), delocalizes ␤-actin mRNA. Although this construct does not bind the zipcode, since it lacks KH3 and KH4, it might still bind to auxiliary factors that are essential for proper localization of ZBP1-containing granules. Thus, overexpression of this construct may suppress proper mRNA localization by competing with endogenous ZBP1 for these essential factors preventing ␤-actin transcripts bound to endogenous ZBP1 from being properly localized.
Together these findings confirm ZBP1 as an essential factor for localizing ␤-actin mRNA to the cell periphery. The data presented suggest that ZBP1 not only binds the mRNA via its COOH-terminal KH domains but also tethers the RNA to auxiliary factors via its NH 2 terminus that are required for proper localization of the ZBP1 containing mRNPs.
This model also provides an explanation for the finding that ZBP1 is involved not only in ␤-actin mRNA localization but also contributes to the regulation of fibroblast motility. Overexpression of either ZBP1 or the COOH-terminal ␤-actin delocalizing construct ZBP1 (aa 189-576) decreased total path length, cell speed, and protrusion velocity of CEFs. Shestakova et al. (2001) demonstrated that CEFs treated with antisense oligonucleotides, which disrupt ␤-actin mRNA localization, moved with reduced net path length, directionality, and persistence. Furthermore, this motility phenotype was attributed to delocalized actin nucleation sites resulting from antisense treatment.
These results may seem to be discordant with the current study. However, antisense oligonucleotides were specific for the zipcode of ␤-actin mRNA and specifically disrupt ZBP1-␤-actin mRNA interactions (Zhang et al., 2001a; Oleynikov and Singer, 2003) . Therefore, the RNA was freed from any spatial or regulatory constraints due to its interaction with ZBP1. In contrast, in the experiments reported here the interaction of the mRNA with ZBP1 is maintained. This may result in different physiological consequences. For example, localized RNAs are believed to be translationally repressed during transport; the human ortholog of ZBP1, IMP-1, translationally represses insulin-like growth factor II mRNA during fetal development (Nielsen et al., 1999) . In contrast to ␤-actin mRNA delocalized by antisense Shestakova et al., 2001) , which is free to translate in an unregulated manner, ␤-actin mRNA bound to ZBP1 may be translationally repressed. Therefore, random actin nucleation may occur as a result of free cytoplasmic ␤-actin mRNA but not as a result of translationally repressed, ZBP1-bound RNA. Consequently, motility phenotypes described in our experiments fit with a model where there is decreased ␤-actin protein synthesis at the leading edge, resulting in decreased motility and protrusion rates.
It is important to consider that the physiological effects of both ␤-actin mRNA localization and ZBP1 function and the mechanism of ␤-actin mRNA localization are not completely understood at this time. Furthermore, it has not been established that ␤-actin mRNA is the only RNA target of ZBP1. Thus, a dominant-negative ZBP1 might affect additional mRNAs, causing a broader impact on cell polarity and motility than the results seen by antisense for ␤-actin mRNA. Additionally, ZBP1 has been implicated in several processes of RNA metabolism besides localization. Therefore, it is difficult to distinguish which aspects of ZBP1, motility regulation, and mRNA localization are being targeted in these experiments. As a result, although ␤-actin mRNA localization and ZBP1 function are involved in the regulation of cell motility, predictions about how these effects are mediated await further experiments.
Materials and methods
Cell culture and transfection
CEFs were transfected with LT1 reagent (Mirus), according to manufacturer's instructions, at the time of plating. All transfections took place in DME supplemented with 10% FBS. Cells were transfected overnight, washed in Hanks balanced salt solution (HBSS) and recovered in fresh DME plus 10% FBS for 1 h. For serum-starved cells, after 1 h recovery in medium plus serum cells were washed in HBSS and incubated for 4 h in DME. Cells were serum stimulated with fresh DME plus FBS for 30 min followed by fixation in 4% PFA in PBS/5 mM MgCl 2 . Triton-extracted cells were incubated in 0.5% Triton X-100 for 15 s before fixation. For timelapse extraction, cells were plated on 35-mm tissue culture plates and transfected as described. After transfection and recovery, MEM plus FBS was replaced with 1 ml Leibovitz's L15 medium without phenol red (Lifetech). Cells were visualized on an Olympus AX70 microscope and 60ϫ water immersion objective. Triton X-100 was added to a final volume of 0.5% Triton X-100.
Immunostaining
After fixation, cells were washed three times for 10 min in 1ϫ PBS/5 mM MgCl 2 , blocked for 20 min in PBSAT (PBS, 2% BSA, 0.1% Triton X-100), and incubated in primary antibody (1:2,000 in PBSAT) for 1 h at RT. Cells were washed three times for 10 min in PBSAT. Secondary antibody (rabbit anti-mouse antibody, 1:250 in PBSAT [Jackson ImmunoResearch Laboratories]) was applied for 20 min at RT. Cells were washed once for 10 min in PBSAT, twice for 10 min in PBS, and mounted on glass slides in ProLong antifade mounting media (Molecular Probes).
Fluorescent in situ hybridization
Fixed cells were hybridized with a mixture of six Cy-3-labeled oligonucleotides complementary to ␤-actin mRNA for 3 h in 50% formamide/2ϫ SSC at 37ЊC. Cells were washed and mounted on glass slides. Cells were scored blinded for localization as previously described Latham et al., 1994) .
Cytoskeleton disruption experiment
After transfection, cells were recovered in MEM plus 10% FBS for 4 h. Either cytochalasin D (5 g/ml; Sigma-Aldrich) or colchicine (100 M; Sigma-Aldrich) was added to the medium for 30 min. Cells were washed briefly in PEM buffer (100 mM PIPES, 2 mM EGTA, 10 mM KCl, 10% glycerol) warmed to 37ЊC and then extracted for 20 s in warm PEM buffer plus 0.5% Triton X-100. Cells were fixed for 15 min in 4% paraformaldehyde/PEM buffer. Microtubules were immunostained with DM1␣ antitubulin antibody (Sigma-Aldrich). Secondary antibody (Cy5-conjugated rabbit anti-mouse antibody, 1:250 in PBSAT [Jackson ImmunoResearch Laboratories] ) and Texas red phalloidin (Molecular Probes) were applied for 20 min at RT. Cells were washed once for 10 min in PBSAT, twice for 10 min in PBS, and mounted on glass slides in ProLong antifade mounting medium (Molecular Probes).
Microscopy
Cells were viewed on either an Olympus BX60 or BX51 microscope equipped with an Olympus PlanApo 60ϫ, 1.4 NA oil objective. Images were captured with either an LSR FKI1001 or a Roper CoolSNAP HQ cooled CCD camera operated by LSR Esprit v4.0 or Scanalytics IP Lab Windows v3.0.72, respectively.
Recombinant protein expression
ZBP1 and its domains were amplified by PCR , sequenced, and inserted into EcoRI-XhoI sites of pGEX6P1 vector (Amersham Biosciences). Protein expression was induced in Escherichia coli BL21(DE3) cells with 1 mM IPTG. Purification was performed according to manufacturer's protocol with slight modifications. Briefly, bacteria were lysed in lysis buffer (PBS, 0.1% Triton X-100, 1 mM DTT, 500 mM NaCl) supplemented with protease inhibitors and lysozyme. After sonification and clearing of the cell lysate at 30,000 g, the cell extracts were incubated with glutathione-Sepharose for 1 h at 4ЊC. After extensive washing with lysis buffer, proteins were eluted in storage buffer (PBS, 150 mM NaCl, 2% glycerol, 2 mM DTT) supplemented with 20 mM reduced glutathione. Proteins were desalted into storage buffer via PD-10 columns (Amersham Biosciences) and stored at 4ЊC for immediate use. Protein concentrations were determined by Coomassie blue staining of SDS-polyacrylamide gels and by Bradford assay. Proteins were used only if purity Ͼ90% was confirmed by SDS-PAGE.
In vitro transcription
For electrophoretic mobility shift assays and nitrocellulose filter binding assays, the 54-nt ␤-actin zipcode RNA was randomly labeled with [␣-32 P]CTP (Amersham Biosciences) during in vitro SP6 polymerase transcription from a linearized template (pSP64 plasmid; Promega). In vitro transcription was performed with a Promega RiboProbe Kit according to manufacturer's instructions. Probes were urea gel purified and resuspended at a concentration of 10,000 cpm/l in diethylpyrocarbonate (DEPC)-treated water.
For GST pull-down assays, full-length human ␤-actin mRNA was subcloned into pcDNA3.1 (Invitrogen) and transcribed in the presence of [␣- 32 P]UTP (Amersham Biosciences) after linearization by XhoI via the T7 Megascript kit (Ambion). RNA was purified by MegaClear (Ambion) and analyzed by 5% TBE/Urea gels (Bio-Rad Laboratories).
RNA binding studies
Electrophoretic mobility shift assay. Binding reactions contained the following: 10 mM Tris, pH 7.5, 50 mM NaCl, 1 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM DTT, 4% glycerol, and 0.25 mg/ml poly (dI-dC), 10,000 cpm labeled zipcode RNA, and 500 ng recombinant protein to a final volume of 20 l. E. coli tRNA (Roche) was added at a final concentration of 5 mg/ml in reactions performed in the presence of nonspecific competitor. Reactions were incubated for 30 min at RT. Heparin sulfate was added to a final concentration of 5 mg/ml followed by a 10-min incubation. Reactions were loaded on 5% nondenaturing polyacrylamide TGE gel containing 5% glycerol. In competition assays, cold wild-type zipcode RNA or mutant zipcode (ACACCC repeats replaced by GUGUGU) RNA were incubated with 50 ng protein for 10 min at RT followed by addition of 32 P-labeled zipcode RNA. Unlabeled RNA was added at 400ϫ, 40ϫ, and 4ϫ excess over labeled zipcode. After electrophoresis, gels were fixed in 10% isopropanol/ 7% acetic acid for 15 min, dried, and exposed to autoradiography film or phosphoimager cassette. Signal intensities were measured with ImageQuant software (Molecular Dynamics). Relative binding indicates the fraction of total counts bound by protein.
Nitrocellulose filter binding assay. Filter binding assays (Carey et al., 1983) were used to measure the binding dissociation constants between the zipcode mRNA and ZBP1 recombinant protein fragments. 50 l binding reactions contained the following: 200 mM KOAc, 50 mM Tris acetate (pH 7.7), 5 mM MgOAc, 10,000 cpm labeled zipcode RNA, and threefold serially diluted recombinant ZBP1 protein fragments ranging from 40 to 50 nM. Reactions were incubated for 10 min at RT followed by filtering (Millipore HAWP 25 mm filter/1225 Sampling Manifold) and washing. The fraction of bound RNA was plotted graphically versus the log of protein concentration to determine dissociation constants (Irvine et al., 1991) . For competition assays, labeled and unlabeled RNA oligonucleotides (Z1, 5Ј-CCAACACCCACACCCCUGUG-3Ј; Z2, 5Ј-CUGUGAUGAAACAAAAC-CCA-3Ј; Z3, 5Ј-GAAACAAAACCCAUAAAUGC-3Ј; and S1, 5Ј-AAGCAC-CCGUUUCAGUACGC-3Ј) were incubated at RT for 10 min followed by addition of protein.
GST pull-down assays. GST proteins were adjusted to a final concentration of 0.25-0.5 M in 350 uL ice cold RBB (PBS, 2 mM MgCl 2 , 0.02% NP-40, 0.1% BSA, 1 mM DTT, 50 U/ml RNAsin) and incubated for 1 h at 4ЊC with 50 uL of a 1:1 slurry of glutathione-Sepharose (Amersham Biosciences) preblocked with 1% BSA in RBB. The resin was washed four times and labeled, and renatured ␤-actin mRNA ‫000,001ف(‬ cpm, 5-10 fmol) was added in a final volume of 100 L. After incubation for 30 min at 4ЊC, the resin was washed two times with RWB (10 mM Tris, pH 8.0, 150 mM NaCl, 2 mM MgCl 2 , 0.1% NP-40, 1 mM DTT). Resin was transferred to a new tube and washed. Aliquots of wash fractions and pellet fractions were analyzed by Cerenkov counting.
Immunoprecipitation and RT-PCR. Human 293 cells were transfected with Flag-tagged ZBP1 or raver1 constructs or empty pcDNA3.1 plasmid (mock transfection). Cells were extracted in IP/RT buffer (50 mM Tris/HCl, pH 8.0, 150 mM KCl, 1 mM EGTA, 5 mM MgCl 2 , 0.25% NP-40, 0.05% DOC, 100 U/ml RNAsin) for 30 min on ice. Extracts were centrifuged at 14,000 rpm for 15 min, and supernatants were subjected to immunoprecipitation using anti-Flag M2-agarose beads (Sigma-Aldrich) for 1-2 h. Beads were washed three times with IP/RT buffer, and after removing the final wash fraction RNA-protein was eluted by boiling the beads in 200 l DEPC-treated water. All fractions were collected for Western blot analysis using anti-Raver and anti-ZBP1 antibodies to determine relative protein quantities. RNA was recovered using Trizol reagent (Gibco Life Technologies) according to the manufacturer's protocol and resuspended in 20 l DEPC-treated water. For reverse transcription, the One step RT-PCR kit from QIAGEN was used. The following primers were used for amplification: human ␤-actin (s, 5Ј-AAAACCTAACTTGCGCAGAAAACA-3Ј; r, 5Ј-GGGCACGAAGGCTCAT-CATT-3Ј); human vinculin (s, 5Ј-CTAGGCAAAATGAGAGGGCAGTGT-3Ј; r, 5Ј-CATCCGGCATAAAGTGTAAACCAGTG-3Ј).
SELEX experiment. Recombinant ZBP1 (404-576) protein spanning KH3-KH4 was subjected to RNA selection amplification. The synthetic oligonucleotide templates 5Ј-TCCCGCTCGTCGTCT [40N] CCGCATCGTCCTC-CCT-3Ј, where N indicates random incorporation of all four nucleotides, were prepared for first round transcription by using Klenow fragment (Amersham Biosciences) and the oligonucleotide primer 5GL, 5Ј-GAAAT-TAATACGACTCACTATAGGGAGGACGATGCGG-3Ј. Each template was transcribed with recombinant T7 polymerase (Stratagene) to yield several nmol of full-length product, which was size purified with 10% denaturing PAGE and used for first round selection. Selection amplification was performed essentially as described by Tuerk and Gold (1990) and Jensen et al. (2000) . Briefly, protein-RNA binding reactions were performed in buffer SBB (200 mM KOAc, 5 mM Mg[OAc] 2 , 50 mM Tris-OAc, pH 7.7) using an excess of RNA to protein, and partitioning was performed with 0.45 M pore size nitrocellulose filters (Millipore). Selected RNA was extracted from filters with urea/phenol/chloroform treatment and reverse transcribed with the oligonucleotide primer 3GL, 5Ј-TCCCGCTCGTCGTCTG-3Ј, and AMV-RT (Promega). PCR amplification of the selected clones for subsequent rounds of transcription and selection used mildly mutagenic conditions with primers 5GL and 3GL, 1 mM dNTPs, and 7.5 mM Mg(OAc) 2 . All oligonucleotides were from Operon.
Motion analysis
CEFs (10 6 ) were plated on 35-mm tissue culture plates coated with 0.5% gelatin and transfected in ␣-MEM medium supplemented with 10% FBS/ 1% Pen-Strep. Cells were recovered for 1 h in L15 medium supplemented with 10% FBS/1% Pen-Strep (Life Technologies). Videomicroscopy was performed on an Olympus microscope equipped with a cooled CCD camera using IP Lab Software. Phase images at 10ϫ were captured at 1-min intervals for 1 h. Cells were traced with Scion image software and converted to digitized movies. Cell centroids and motility parameters were computed using DIAS software (Solltech). Detailed explanation of motility parameters described in Soll (1995) . Student t tests were performed by comparing each dataset to GFP-transfected cell data.
